The IR spectra of nonionized glycine and its deuterated derivatives isolated in the low-temperature argon matrices have been measured, and for the first time the infrared spectral characteristics of the three most stable conformers have been determined and assigned. Correlated level ab initio and density functional theory (DFT) calculations of IR frequencies and intensities with extended basis sets were performed and their results were employed to separate the bands of the glycine conformers in the experimental spectra and to assist the assignment. The intramolecular interconversion, conformer III w conformer I, which is observed in the matrices at temperatures higher than 13 K, was found to cause a significant decrease of the band intensities of conformer III in the spectra. This phenomenon was used to distinguish the vibrational bands of this conformer from the bands of the other conformers. The reliability of the Møller-Plesset second-order perturbation theory (MP2) method and the DFT method with the three-parameter density functional, Becke3LYP, in the prediction of the IR spectra of the nonionized glycine conformers was examined. We found that the DFT/Becke3LYP method with aug-cc-pVDZ basis set yields vibrational frequencies of the glycine conformers very similar to the MP2 results. Both DFT and MP2 results are in the excellent agreement with the experimental data.
Introduction
The simplest aminoacid, glycine, is one of the most important biological compounds. In the solid state and in solutions glycine is known to exist in the zwitterion form, 1 NH 3 + -CH 2 -COO -, but in the gas-phase glycine exists in nonionized form, 2 NH 2 -CH 2 -COOH. The internal rotation about the C-C, C-N, and C-O bonds results in several glycine conformers. The determination of the spectral and structural characteristics of the conformers of glycine, as well as other natural aminoacids, is of great interest because of their relation to the aminoacid units in peptides. Moreover, the assignment of the gas-phase glycine spectrum is of importance to radioastronomy in identification of interstellar aminoacids. 3 The investigation of the gaseous glycine is difficult due to its thermal instability. Similar to other aminoacids, glycine decomposes before melting. Only a few experimental investigations of the gaseous glycine have been carried out during the past two decades. The first microwave spectroscopic results were presented by Brown et al. 4 and Suenram et al. 5 These studies identified conformer II (Figure 1 ) as the only gas-phase form of glycine and disagreed with the results of the earlier ab initio calculations which concluded that conformer I should be the lowest energy form. 6 The microwave spectrum of this conformer was observed a few years later by Suenram et al. 7 Accurate values of the rotational constants and dipole moments of the two low-energy glycine conformers, I and II, were determined in the more recent microwave studies. 8, 9 The difficulty in the observation of conformer I in the microwave spectra was caused by its significantly lower dipole moment than the dipole moment of conformer II. Since the other lowenergy conformers of glycine also have low dipole moments, their identification in microwave spectra is difficult. Thus, the theoretically predicted conformer III is hardly registered by the microwave spectroscopy.
The molecular structure of the gaseous glycine were determined by Iijima et al. 2 in an electron-diffraction study. Again conformer I was proven to be the most stable form in the gas phase, but at a temperature of 219°C, about 24% of the compound was detected to appear as a mixture of minor conformers which were supposed to be conformers II and III. 2 However, these conformers are different from each other only in the position of the hydrogens and they are indistinguishable by their electron scattering intensities. 2 Thus, the question of the conformational structure of glycine in the gas phase has remained open.
The conformational behavior of glycine has been the subject of very extensive theoretical studies. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] All calculations have been consistent in predicting that the conformer I is the most stable form. However the stability order and the structures of the other glycine conformers depended on the level of theory and the basis set used in the calculations. The comparison of the relative energies of the glycine conformers calculated at the HF and MP2 levels shows that the former method overestimates the energy gap between conformer I and the other conformers. 12, 17 The DFT calculations of the structure and relative stabilities of the glycine conformers 11, 14 produced results which are very similar to the results of the MP2 method. The sophisticated investigations of the potential energy surface of glycine 12, 15, 16, 19 allowed identification of as many as eight minimum-energy conformers and the estimation of the barriers of the conformer interconversions. Some of these barriers were predicted to be quiet small. 15, 19 The results of quantum-chemical calculations of the relative stabilities of the glycine conformers have shown that, besides the early observed conformers I and II, at least one more conformer, namely conformer III (Figure 1 ), may exist in the gas phase. As it is seen in the molecular structures of the lowenergy conformers in Figure 1 , they differ in the intramolecular H-bonds: bifurcated NH 2 ‚‚‚OdC H-bond in conformer I, N‚‚‚H-O H-bond in conformer II and bifurcated NH 2 ‚‚‚O-C H-bond in conformer III. IR spectroscopy could be a very suitable tool to investigate the glycine conformational structure, since the IR spectra are very sensitive to the intramolecular H-bonding. However, the low thermal stability of glycine precludes IR study in the gas phase because it is not possible to obtain a concentration of the glycine in the gas phase which is sufficient to register its IR spectra. In such situations a combined use of the IR spectroscopy and matrix isolation technique can be very helpful 21 since it allows separation of the matrix deposition process, which may be very long, from the registration of the IR spectrum of the sample. Also, the inert-gas matrix environment hinders the rotation of the molecules studied and excludes the presence of rotational structures in the IR bands, simplifying the interpretation of the matrix IR spectra in comparison with gaseous ones.
Our first attempts to freeze a complete set of the glycine lowenergy conformers in the Ar matrices were unsuccessful. In these experiments the samples were deposited at 16-17 K. From our previous experiments we found that this temperature range is optimal to prepare samples with minimal scattering. We supposed that the low energy barriers between the glycine conformers predicted theoretically 19 might lead to easy interconversion of the conformers in the low-temperature matrices. To elucidate this question further, we performed a search for optimal experimental conditions which allow us to deposit a complete set of the low-energy glycine conformers in the matrices. 22 In the course of this study, IR spectra were measured for samples deposited at temperatures ranging from 19 to 5.5 K. We found that, for samples deposited at temperatures below 13 K, additional bands appear in the IR spectra of matrix-isolated glycine. These bands may correspond to a new glycine conformer which did not appear at higher temperatures because it immediately interconverted to lower energy rotamers. Various matrix gases (Ne, Ar, and Kr) were used to prove that the observed phenomenon is indeed due to the presence of an additional glycine conformer and not to matrix splittings. In this study 22 we also explained why the matrix IR spectra of glycine obtained by Grenie et al. 23 because the samples deposited at 20 K did not contain the conformational splittings which appeared at lower temperatures.
In continuation of these studies, in this work we undertook a detailed investigation of the conformational composition of the gaseous glycine isolated in low-temperature matrices. In this paper we present results of simultaneous observation of the three low-energy glycine conformers. The IR spectral characteristics of these conformers (conformers I, II, and III) are assigned on the basis of the comparison with the data calculated using the DFT and MP2 methods. The reliability of these methods in predicting vibrational frequencies and intensities of nonionized aminoacids is discussed.
Experimental Details
The thermal instability of glycine creates certain problems with the sample preparation. The Knudsen cell was used in the present work to evaporate glycine. It was necessary to first determine the optimal evaporation temperature, which is high enough to yield samples with sufficient concentration of the compound but still sufficiently low to prevent decomposition of the compound. A low-temperature quartz microbalance was used to measure the intensity of the gaseous flow of glycine. In our design of the deposition system, the minimal temperature at which the flow of glycine was found sufficient for the sample preparation was ≈ 160°C. The quartz microbalance was used to measure the gaseous flow of the substance studied and of the matrix gas. It allowed us to control the concentration of the glycine in the matrix and to avoid the appearance of autoassociates.
The measurements were carried out for glycine (glycine-d 0 ) and for its deuterated derivatives: C,C-d 2 -glycine, N,N,O-d 3 -glycine, and the fully deuterated glycine which will be denoted as glycine-d 2 , glycine-d 3 , and glycine-d 5 , respectively. The matrix samples were prepared by simultaneous deposition of the substance and the matrix gas onto a cooled CsI substrate. The matrix gas was 99.99% Ar. The substrate temperature was 12-13 K during matrix preparation, and that allowed us to prevent interconversion of the glycine conformers in the matrices. Commercially available glycine and its isotopomers were used in the experiments. They were evaporated from the Knudsen cell at 170°C for glycine, 161°C for glycine-d 2 , 176°C
for glycine-d 3 , and 169°C for glycine-d 5 . The thermostatting accuracy was 0.2°C. Ar flow stability was achieved with a stable gas pressure over the solid argon at 77 K and was adjusted by a needle valve. The fill-up helium cryostat used in our matrix-isolation IR experiments was described elsewhere. 24 The IR spectra were registered with the updated SPECORD IR 75 spectrometer in the range 4000-400 cm -1 with the resolution of 3 cm -1 in the range 4000-2500 cm -1 and with the resolution of 1 cm -1 in the range 2500-400 cm -1 . The spectrometer was sealed and blown through with dry nitrogen during the experiment to exclude any influence of the atmospheric H 2 O and CO 2 vapors. Firstly, the IR spectra were recorded for glycine-d 0 , glycine-d 2 , glycine-d 3 , and glycine-d 5 immediately after sample deposition. These spectra are shown in Figures 2 and 3 . They do not contain any bands of the glycine decomposition products. Only trace amounts of CO 2 are found in the samples (the characteristic doublet band of the CO stretching vibrations at 2344/2339 cm -1 ) which is most probably due to CO 2 absorbed on the surface of the solid compounds used for the experiment. To separate the IR bands of conformer III from other conformers, additional experiments were carried out for all isotopomers. In these experiments, the samples deposited at 12-13 K were heated up to 20 K and after 30 min they were chilled and their spectra were recorded. At 20 K argon matrix remains rigid enough so that the translational diffusion of the guest molecules is negligible. Thus, neither dimer formation of the molecules studied nor the sufficient repacking of the matrix environment were possible. However, the temperature of 20 K was high enough for conformer III to interconvert to the lower energy conformer I. Comparing the spectra obtained before and after annealing, we were able to identify the bands due to conformer III.
Theoretical Methods
The main goal of the calculations in the present study was to simulate the IR spectral characteristics of the most stable glycine conformers, which were used to identify the conformers in the experimental matrix IR spectra. To achieve this goal we first searched for energy minima on the potential energy surface of glycine corresponding to the lowest energy conformers and then we calculated the IR frequencies and intensities for the minima using the harmonic approximation. Glycine, as the smallest aminoacid, is a suitable model to examine reliability of the theoretical methods used in the calculations of IR spectra. This kind of analysis will be helpful in our future matrix-isolation IR studies on other aminoacids and small peptides. Among the Hartree-Fock (HF), Møller-Plesset second-order perturbation theory (MP2) and DFT methods used to study the structure of the glycine conformers, 10-20 the two latter methods yield the results which are in best agreement with the results of microwave and electron diffraction studies. 2, 4, 5, [7] [8] [9] The HF method failed to predict the correct relative energies and structure of the glycine conformers with the N‚‚‚H-O intramolecular H-bond. 12,17 Therefore, in the present study we have used the MP2 25 and the DFT methods for the harmonic frequency calculations of the glycine conformers.
The DFT calculations were carried out with Becke's gradient exchange correction, 26 the Lee, Yang, Parr correlation functional, 27 and the Vosko, Wilk, Nusair correlation functional. 28 This three-parameter density functional, designated as B3LYP, was found to produce the most accurate glycine structural parameters compared with the microwave results. 11, 14 For geometry optimization and harmonic frequency calculations, we used three Dunning's correlation-consistent doublebasis sets. 29, 31 The smallest basis set used in this study was the standard cc-pVDZ basis set. The two other sets were obtained from the first one by adding diffuse functions. The second basis set, denoted here as cc-pVDZ++, included only an s diffuse function on hydrogens and s and p diffuse functions on heavy atoms (the exponents of the diffuse functions were the same as in the standard aug-cc-pVDZ basis). The third basis set was the standard aug-ccpVDZ basis, which includes s and p diffuse functions on hydrogens and s, p, and d diffuse functions on heavy atoms. The previous theoretical studies of the potential energy surface of glycine identified eight minimumenergy geometries. 12, 15, 16, 19 In this study we carried out frequency calculations for only the most stable conformers I, II, and III (Figure 1 ), which are supposed to exist in the gas phase. All calculations in this work were performed on IBM RS6000 workstations using the Gaussian94 32 quantum-mechanical program.
Results and Discussion

Structure and Relative Stabilities of the Glycine
Conformers. The geometries of the three glycine conformerssI, II, and IIIswere fully optimized at the DFT/B3LYP and MP2 levels with the cc-pVDZ, cc-pVDZ++, and aug-cc-pVDZ basis sets (i.e., six sets of structural parameters were calculated for each conformer). In this section the structural parameters and rotational constants of the glycine conformers calculated at the DFT/B3LYP and MP2 levels of theory with the different basis sets are compared with the available experimental data to determine which method yields the most accurate results. For this comparison we use the experimental geometry parameters of the conformer I 2 , as well as the rotational constants of the conformers I and II of the glycine-d 0 and glycine-d 2 , and the rotational constants of the conformer II of the glycine-d 3 . 8, 9 The experimental and calculated geometries of conformers I, II, and III are presented in Table 1 . Among the experimental parameters, those shown in italics in Table 1 were not derived from the experimental data but were assumed on the basis of previous ab initio calculations at the HF/4-21G level. 7b The experimental and calculated rotational constants are summarized in Table 2 .
The inclusion of the diffuse functions in the basis set leads to a significant improvement of the calculated structure of the main glycine conformer with respect to the experimental geometrical parameters at both the DFT/B3LYP and MP2 levels. The comparison of the DFT/B3LYP/aug-cc-pVDZ and MP2/ aug-cc-pVDZ geometries with the experimental data (Table 1) shows that the DFT method is able to produce geometries with similar accuracy as the MP2 method. The mean differences between the calculated at the DFT/B3LYP level and observed geometry parameters are 0.010 Å and 1.6°for the bond lengths and the bond angles, respectively. The corresponding values for the MP2 method are 0.013 Å and 1.5°. The comparison of the calculated and the observed rotational constants ( Table 2 ) also shows that the two methods give very similar results. The best agreement with experiment is obtained when the aug-ccpVDZ basis set is applied in conjunction with the DFT/B3LYP method. In this case, the rotational constants are in even better agreement with the experiment than the MP2 results (Table 2) .
When analyzing the calculated geometries of the three glycine conformers, we paid special attention to the conformation of the heavy atom backbone. The entry-level HF calculations with a small basis sets 19 predicted the planar backbone structure for all three conformers. Increasing the basis, by additional polarization functions and accounting for the electron correlation effects, led to nonplanar structures of the conformers II and III, 10, 12, 16, 17 while conformer I still remains planar in all calculations. As it is seen from Table 1 , at both the DFT/ B3LYP and MP2 levels we obtain planar structures for conformer I and nonplanar structures for conformer II. In the latter case the torsion angle, NCCdO, is 173.23°and 171.23°a t the B3LYP and MP2 levels, respectively. On the other hand, determination of whether conformer III has planar or nonplanar structure is not as clear. The potential energy surface of this conformer is extremely flat near the minimum. The deviation from the planarity determined in the calculations is less than 1°. The values of the torsion angle NCCdO calculated at the DFT/B3LYP and MP2 levels with the aug-cc-pVDZ basis set are 179.26°and 179.30°, respectively. It is notable that the energy difference between the nonplanar structures of the conformers II and III and their planar counterpairs is rather small. For example, the energy difference between the more stable non-planar form of the conformer II and its planar counterpart was predicted to be 0.21 kJ mol -1 at the B3LYP/ DZP level, 11 0.24 kJ mol -1 at the MP2/6-31++g** level, 16 0.55 kJ mol -1 at the CISD/DZP level, 15 and 0.42 kJ mol -1 at the CCSD (T)/DZP level. 15 For conformer III, the calculation carried out at the CISD/DZP 15 and DFT/B3LYP/DZP levels 11 predicted the planar conformation to be the true minima, but at the same time the calculation at the MP2/6-311++G** level, 16 as well as our calculations at the MP2/aug-cc-pVDZ and B3LYP/aug-cc-pVDZ levels, predict that a nonplanar conformation is the true minimum. The flat potential energy surface near the equilibrium point predicted for the conformer III requires tighter thresholds in the geometry optimization. Therefore, for conformer III, we carried out an additional structure calculation using the keyword OPT)TIGHT, decreasing the convergence criteria 30 times. In this calculation we did not observe any significant changes in the energy; it decreased by less than 0.1 kJ mol -1 , and in the geometry, except for the value of the dihedral NCCdO angle, which increased by a few degrees. The DFT/B3LYP/aug-cc-pVDZ frequency calculations carried out for conformer III at the geometry obtained after the optimization with the conventional thresholds did not produce any imaginary frequencies. Nevertheless, the energy difference between the planar and nonplanar form of these conformers is lower than the energy of the zero-point twisting vibration, and from the experimental point of view, the planar structure is likely to be the most probable conformation. The energies, zero-point energies (ZPEs), and the relative stabilities of the three most stable glycine conformers are summarized in Table 3 . In the first place, the importance of the ZPE contribution in the prediction of the relative stabilities of the conformers, especially in the case of conformer II, should be noticed. As it is seen, the ZPE energies of conformer II, at both the DFT/B3LYP and MP2 levels, are higher than those of the conformers I and III. This leads to destabilization of the conformer II by 1.20 kJ mol -1 at the DFT/B3LYP/aug-cc-pVDZ level and by 1.72 kJ mol -1 at the MP2/aug-cc-pVDZ level. At the same time, the ZPE only slightly changes the relative energy of the conformer III with respect to the main conformer.
The DFT/B3LYP and MP2 methods yield very similar values of the relative energies of the glycine conformers. The relative energies of conformers II and III with respect to the main conformer are 3.60 and 6.84 kJ mol -1 at the DFT/B3LYP/augcc-pVDZ level and 3.96 and 7.14 kJ mol -1 at the MP2/augcc-pVDZ level. On the basis of analysis of the data presented in the Tables 1-3 , we may conclude that the DFT/B3LYP method produces structures of the glycine conformers, which are in very good agreement with the experimental data and almost identical to the MP2 results. It allows us to hope that this method is also able to produce the vibrational frequencies and infrared intensities with high accuracy.
IR Spectral Characteristics of the Glycine Conformers.
The electron diffraction 2 and microwave 4,5,7-9 studies demonstrated the presence of glycine conformers I and II in the gas phase. In our preliminary matrix isolation IR study, 22 we observed in the IR spectra some manifestations of an additional glycine conformer which, based on the results of the quantum-chemical calculations, is now supposed to be conformer III. If all three conformers are present in the samples, the experimental IR spectrum is a superposition of their spectra. To determine the spectral characteristics of the individual conformers, we have to separate their vibrational bands. This separation is based on the following data: (i) The results of the theoretical simulations of the IR spectra of the three glycine conformers.
(ii) The elimination of the bands of conformer III from the experimental spectrum. As was mentioned before, the low energy barrier of the conformer III w conformer I interconversion results in the disappearance of conformer III from the matrix at temperature above 13 K. This phenomenon was used to distinguish the bands of conformer III by comparing the IR spectra recorded before and after matrix annealing.
(iii) The experimental IR spectra measured for the glycine deuterated derivatives. The analysis of the isotopomer frequency shifts and their comparison with calculated shifts can provide additional support for the assignments.
The harmonic frequency calculations of the glycine conformers were carried out at the DFT/B3LYP level with the cc-pVDZ, cc-pVDZ++, and aug-cc-pVDZ basis sets, as well as at the MP2 level with the cc-pVDZ and cc-pVDZ++ basis sets. The disk space limitation precluded calculations at the MP2 level with the aug-cc-pVDZ basis set. The average divergences between the calculated and observed frequencies were calculated for the four isotopomers of the glycine I conformer to determine which theoretical method yields the most accurate isotopomer frequencies. The comparison is presented in Table 4 . The data shown in column A of Table 4 were obtained with nonscaled calculated frequencies. For all the levels of theory used in this study, we determined the optimal scaling factors which allowed us to obtain the minimal mean divergencies between the calculated and observed frequencies. Two scaling factors, SF1 and SF2, were determined for the frequencies calculated with each basis set: SF1 for the X(C,N,O)-H stretching vibrations and SF2 for all other vibrations. The mean divergences calculated for the scaled theoretical frequencies are presented in column B in Table 4 along with the values of the scaling factors. Table 4 includes two rows for each basis set. In the first row the mean divergences were calculated for all observed frequencies. In the second row the mean divergences were calculated only for the frequencies below 2000 cm -1 (i.e., for all frequencies, excluding X(C,N,O)-H stretching vibrations).
The following conclusions may be derived from the analysis of the data presented in Table 4 : (i) The best agreement between the calculated and observed frequencies is observed when the DFT/B3LYP method with the aug-cc-pVDZ basis set is employed. The mean divergence is only about 10 cm -1 . This value was obtained using scaled frequencies with the scaling factors SF1 ) 0.96 and SF2 ) 0.99 (Table 4) .
(ii) The MP2 method also yields frequencies which are in good agreement with the experimental data after scaling. The mean divergence calculated for the MP2/cc-pVDZ++ frequencies is about 13 cm -1 , although the scaling factors employed here are smaller then the ones obtained for the DFT/B3LYP/ aug-cc-pVDZ frequencies. (au), Relative Stabilities (∆E)(kJ mol -1 ), Zero-Point Vibrational Energies (ZPE a ) (au) Table 4 . b ZPE from the MP2/cc-pVDZ++ calculation was used here. a The mean divergences calculated for the nonscaled and scaled frequencies are listed in the columns A and B, respectively. For each basis set and for the DFT/B3LYP and MP2 levels of theory, the mean divergences were calculated for all frequencies (presented in the first row) and for the frequencies below 2000 cm -1 (presented in the second row).
(iii) Augmentation of the basis set by additional diffuse functions significantly improves the agreement between the calculated and observed frequencies at both the DFT/B3LYP and MP2 levels of theory. As mentioned above, the inclusion of the diffuse functions is particularly important to predict correctly the relative energy and the structure of the conformer II. This is most probably due to the strong intramolecular N‚‚‚H-O H-bonding interaction present in this conformer whose description requires diffuse orbitals in the basis set. For the same reason, the augmentation of the basis set with diffuse functions can be expected to produce better agreement between the calculated and observed IR frequencies.
(iv) In almost all the cases considered increasing the number of the deuterium atoms in the glycine molecule led to decrease of the mean frequency divergences (Table 4 ). This may be simply explained by the decrease of most frequency values upon deuteriation, which results in a decrease of the mean divergence.
The analysis of the mean divergences presented in Table 4 shows that the DFT/B3LYP/aug-cc-pVDZ method yields the most accurate vibrational frequencies of all the considered deuterated derivatives of the main glycine conformer I. These frequencies have been used to identify the bands of the minor conformers in the experimental spectra.
The observed and calculated (at the DFT/B3LYP/aug-ccpVDZ level) IR frequencies and intensities of conformers I, II, and III are presented in Tables 5-8 (Tables 5-8) .
For all isotopomers, the high-frequency experimental band in the region of the CdO stretching vibration is assigned to the CdO vibration of conformer II, and the low-frequency band is assigned to the CdO vibration of conformer III. This assignment is confirmed by comparison of the spectra recorded before and after matrix annealing. The intensity of the bands of conformer III in the spectra of all glycine isotopomers must decrease significantly after sample heating due to the conformer III w conformer I interconversion. These bands are marked in Tables 5-8 . Some relevant regions of the spectrum of glycine-d 0 are presented in Figures 4-6. As seen in Figure 4 and in Tables 5-8 , the intensity of the bands assigned to the CdO stretching vibrations decreases significantly after matrix heating, which supports their proposed assignment.
In the case of the most intensive experimental bands, it was very important to prove that the origin of these bands is not due to site splitting. The region of the CdO stretching vibrations was studied in our preliminary work, where we used different matrix gases, and we demonstrated that the observed phenomenon is not caused by site splitting. 22 It is also important to mention that the site splitting is observed in the glycine spectra and some bands or, more often, band shoulders are definitely due to the matrix splitting. For example, the lowfrequency shoulder at 1773 cm -1 on the band of the CdO stretching vibration of the conformer I (Table 5, Figure 4 ) is probably due to site splitting.
The comparison of the calculated and observed intensities of the CdO stretching vibrations of the three glycine conformers DFT/B3LYP/aug-cc-pVDZ level) IR Frequencies (cm -1 ) II and III are approximately even and equal to 15%. This is in agreement with the results of the electron diffraction study of glycine, 2 where the main glycine conformer was determined to contribute ≈76% to the mixture.
O-H (O-D) Stretching Vibrations.
In the high-frequency region of the spectra, the most intensive bands at 3560 (Table  5 ) and 3564 cm -1 (Table 6 ) are assigned to the OH stretching vibrations of glycine-d 0 and glycine-d 2 , respectively. The bands at 2631 (Table 7 ) and 2630 cm -1 (Table 8 ) are assigned to the OD stretching vibrations of the glycine-d 3 and glycine-d 5 . The a Ar matrix deposited at 13 K. Matrix ratio 1:750. Asterisks (*) mark the bands which decreased after the matrix annealing at 20 K for 30 min. b A, experimental relative peak intensities.
c Iobs, experimental relative integral intensities measured for the single bands or for the groups of the merged bands. d Icalcd, calculated intensities in km mol -1 . e PED contributions [%] . Only contributions g10% are listed. Abbreviations: str, stretching; bend, bending; tor, torsion. (at the DFT/B3LYP/aug-cc-pVDZ level) IR Frequencies (cm -1 ) calculations show that the OH(D) stretching vibrations of conformers I and III are very close and cannot be separated in the experimental spectra. On the other hand, the OH(D) stretching vibrations of conformer II is significantly downshifted due to formation of the intramolecular N‚‚‚H-O H-bond. The frequency shift is 360 cm -1 for the OH stretch (Table 5 ) and 240 cm -1 for the OD stretch (Table 6 ). The calculations predict a considerable increase of the intensities of the OH(D) stretching vibrations of the conformer II due to H-bonding and this higher intensity allows us to identify the bands of these vibrations in the spectra of all glycine isotopomers.
For the OH stretching vibrations, as well as for the CH and NH stretches, the observed differences between the experimental unharmonic and calculated harmonic frequencies are larger than for other vibrations. This difference is due to the significant unharmonicity of the large amplitude X(C,N,O)-H stretching vibrations. The use of the uniform scaling factor of 0.96 for the DFT/B3LYP/aug-cc-pVDZ frequencies of X(C,N,O) stretches improves the agreement between the calculated and observed frequencies in all cases except the OH stretching vibrations of conformer II. The difference is more than 100 cm -1 after scaling (Tables 5 and 6 ). We believe this is caused by a significant unharmonicity of this vibration due to the strongest intramolecular N‚‚‚H-O H-bond in conformer II among all the conformers studied. This interaction changes the potential energy surface near the equilibrium position of the hydroxy hydrogen. Analysis of the spectra of the deuterated glycines supports this conclusion. The difference between the observed and calculated frequencies of the OD stretching vibration, with a much smaller amplitude, is the same as those for other vibrations in this region. The relatively stronger unharmonicity of the OH stretching vibrations of the conformer II also results in a decrease of the isotope ratio for this vibration (ν OHstr /ν ODstr )-from the value of 1.354 for conformers I and III to 1.338.
O-H (O-D) Bending and C-O Stretching
Vibrations. The PED analysis of the vibrations in the region 1400-1100 cm -1 allowed us to identify in the spectra the bands which can be assigned to mixed OH bending/C-O stretching vibrations. Similar coupling has also been found in the spectra of the carboxylic acids. 33, 34 The frequencies and PEDs of these vibrations are sufficiently different for the three glycine conformers to allow their assignment. The intensive experimental band at 1390 cm -1 in the spectrum of glycine-d 0 ( Figure  5a ) is assigned to the OH bending vibration of conformer II. This band is shifted toward higher frequencies, as compared to the corresponding bands of conformers I and III. The OH bending vibration of conformer II is the most intensive vibration. This band may be easily recognized in the IR spectra and may serve as one of the main spectral manifestations of the conformer-II-like conformations of aminoacids. The other band at 1200 cm -1 is also assigned to the vibration of conformer II. This vibration has a very complex mode with contributions from the C-O stretching, the CC stretching and the OH bending modes. Two bands in this region with contributions from the OH bending and the C-O stretching modes are assigned to the vibrations of conformer III. The intensities of these bands decrease in the spectra after matrix annealing and this fact supports the assignment of these bands. In the spectra of glycine-d 3 and glycine-d 5 (Tables 7 and 8 ), the vibrations with the contribution from the OD bending mode are observed in the range 1000-800 cm -1 . This low-frequency shift of the OD bending vibration allows us to identify the vibrations with large contributions from the C-O stretching mode in the spectra of the deuterated glycine. The assignment and PEDs of these bands are presented in Tables 7 and 8 .
N-H (N-D) Stretching and Bending
Vibrations. The NH stretching vibrations, both symmetrical and asymmetrical, have very low intensity and in the experimental spectra only the weak band of the NH asymmetrical stretching vibration at 3410 cm -1 was detected (Table 5) . At the same time, the bands attributed to the NH bending vibrations are more intensive. The NH scissors vibrations are observed in the region 1650-1600 cm -1 (glycine-d 0 and glycine-d 2 ) or in the region 1250-1200 cm -1 (glycine-d 3 and glycine-d 5 ). The band of the NH scissors vibration of conformer II at 1622 cm -1 and the corresponding band of conformer I at 1630 cm -1 are identified in the spectrum of glycine-d 0 (Table 5, Figure 6 ). The small difference (8 cm -1 ) between the frequencies of the NH bending vibrations of conformers I and II, as well as the relatively small difference between the NH stretching vibrations of these conformers (less than 40 cm -1 , Table 5 ) demonstrate the weakness of the N-H‚‚‚O H-bonding interaction in conformers I and III. The corresponding values obtained for the OH bending and stretching vibrations are ≈100 and 360 cm -1 . This is the spectroscopic evidence of the significant difference between the N-H‚‚‚O and N‚‚‚H-O intramolecular interactions in the glycine conformers. It indicates that the NH 2 group is a good proton acceptor but a less effective proton donor.
The data presented in Tables 5-8 respectively. The observed frequency of the OH torsional vibration of conformer II, like ones of the OH stretching and bending vibrations of this conformer, are significantly different from the corresponding vibrations of conformers I and III due to the intramolecular H-bonding.
Finally, we collected all frequencies attributed to the vibrations of the minor conformers II and III in Tables 9 and 10 . For these conformers we also evaluated the mean divergences between the observed and calculated (at the DFT/B3LYP/augcc-pVDZ level) frequencies. These divergences are very close to the values obtained for conformer I (Table 4) . For example, the mean divergences calculated for conformers II and III of the glycine-d 0 are 7.6 and 11.8 cm -1 , respectively. This provides additional support to our assignment of the experimental bands in the matrix IR spectra.
Conclusions
In this study we have applied matrix isolation IR spectroscopy and correlated ab initio calculations to investigate the conformational behavior of the simplest aminoacidsglycine. We obtained an experimental confirmation of the presence of a new glycine conformer with the NH 2 ‚‚‚O-C bifurcated H-bond in the argon matrices. The IR spectral characteristics of the three rotational conformers of the glycine were determined for the first time. The analysis and assignment of the experimental matrix IR spectra made in this work are based on three sources: the results of theoretical simulations of the vibrational frequencies and intensities of the conformers, the spectral manifestations of the conformational interconversion conformer III w conformer I which occurs upon matrix annealing, and the spectra obtained for glycine deuterated derivatives.
A very good agreement between experimental and calculated (at the DFT/B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ levels of theory) spectra was found. This suggests that the DFT/ B3LYP/aug-cc-pVDZ level of theory may be successfully applied to reproduce the structure, relative stabilities and IR spectral characteristics of nonionized aminoacid and oligopeptide conformers and can be used in assignment of their IR spectra.
We also demonstrated that the IR spectral differences between the three glycine conformers are caused by different intramolecular H-bonding interactions in these conformers. Analysis of the frequency shifts of the OH and NH stretching and bending vibrations affected by the H-bonding indicates that the N‚‚‚H-O H-bond in the conformer II is much stronger than the NH‚‚‚O H-bonds in conformers I and III.
